In the standard model flavor violating decays of the top quark and of the Higgs boson are highly suppressed. Further, the flavor violating decays of the top and of the Higgs are also small in MSSM and not observable in current or in near future experiment. In this work we show that much larger branching ratios for these decays can be achieved in an extended MSSM model with an additional vector like quark generation. Specifically we show that in the extended model one can achieve branching ratios for t → h 0 c and t → h 0 u as large as the current experimental upper limits given by the ATLAS and the CMS Collaborations. We also analyze the flavor violating quark decay of the Higgs boson, i.e., h 0 → bs +bs and h 0 → bd +bd. Here again one finds that the branching ratio for these decays can be as large as O(1)%. The analysis is done with inclusion of the CP phases in the Higgs sector, and the effect of CP phases on the branching ratios is investigated. Specifically the Higgs sector spectrum and mixings are computed involving quarks and mirror quarks, squarks and mirror squarks in the loops consistent with the Higgs boson mass constraint. The resulting effective Lagrangian with inclusion of the vector like quark generation induce flavor violating decays at the tree level. The test of the branching ratios predicted could come with further data from LHC13 and such branching ratios could also be accessible at future colliders such as the Higgs factories where the Higgs couplings to fermions will be determined with greater precision.
Introduction
The flavor violating decays provide a window to new physics beyond the standard model. Thus in the standard model the flavor violating top decay t → h 0 c has a branching ratio which is rather small, i.e., O(10 −15 ) [1, 2, 3, 4] . In the two Higgs doublet model the branching ratio is predicted to be in the range 10 −5 − 10 −3 [5, 6, 7, 8, 9, 10, 11] . Currently experimental results on t → h 0 + c and on t → h 0 + u from the ATLAS collaboration [12] and from the CMS Collaboration [13] are as follows (for a review of experiment see [14] ): From the ATLAS Collaboration [12] one has for the branching ratios BR(t → h 0 + c) < 0.56 (95% CL) , BR(t → h 0 + u) < 0.61 (95% CL) ,
and from the CMS Collaboration [13] one has BR(t → h 0 + c) < 0.40 (95% CL) , BR(t → h 0 + u) < 0.55 (95% CL) .
The flavor violating decays of the Higgs boson offer another window to the discovery of new physics. In a previous work we analyzed the flavor violating Higgs decays into leptons using an extension of MSSM with a vector like leptonic generation [15] . Experimental limits on such decays exist from the ATLAS [16] and from the CMS [17] Collaborations. In [15] . it was shown that in the extended MSSM model one could achieve up to O(1)% branching ratio for the flavor violating leptonic decay h 0 → τ µ. Here we carry out a similar analysis with inclusion of a vector like quark generation to analyze the flavor violating Higgs couplings to quarks which we utilize to compute the flavor violating decays of the top t → h 0 c and t → h 0 u. Other significant channels for the observation of flavor violating process are the decays h 0 → bs +bs and h 0 → bd +bd. In the standard model the branching ratio for such a processes is order 10 −7 [18] or less and unobservable. In the framework of SUGRA/MSSM model the branching ratio is still small, i.e., O(10 −4 ) [19, 20, 21] . In the extended MSSM model discussed here, we find that the branching ratios BR(h 0 → bs +bs) and BR(h 0 → bd +bd) can be as large as O(1)% which is several orders of magnitude larger than in MSSM and possibly within reach of current and future experiment. More data is expected in the near future which makes an investigation of the flavor violating decays of the top and of the Higgs a timely topic of investigation.
1
The outline of the rest of the paper is as follows: In section 2 a discussion of the extended MSSM model with a vector like generation is given. Here it is shown that the quark couplings involve flavor violating vertices. In section 3 an analysis of the flavor violating top decays t → h 0 c and t → h 0 u is given. In section 4 the flavor violating Higgs decays h 0 → bs +bs and h 0 → bd +bd are discussed. In sec 5 a numerical analysis of sizes of the branching ratios of the flavor violating processes is given.
Conclusions are given in sec 6 . Further details of the squark mass squared matrices including the vectorlike squarks are given in the appendix A and a brief discussion of CP even -CP odd Higgs mixing is given in appendix B.
The Model and Notation
Here we describe the model briefly and further details are given in the appendix A and appendix B.
The model we consider is an extension of MSSM with an additional vectorlike multiplet. Vectorlike multiplets appear in a variety of settings which include grand unified models, string and D brane models [22, 23, 24, 25] . Further, they are anomaly free. Several analyses have recently appeared which utilize such multiplets [26, 27, 28, 29, 30, 31, 32, 33, 34, 35] . Here we focus on the quark sector where the vectorlike multiplet consists of a fourth generation of quarks and their mirror quarks. Thus the quark sector of the extended MSSM model has the matter content given by
The numbers in the braces in Eq.(3) and Eq.(4) show the properties under
where the first two entries label the representations for SU (3) C and SU (2) L and the last one gives the value of the hypercharge normalized so that Q = T 3 + Y . We allow the mixing of the vectorlike generation with the first three generations. We display now some relevant features of the model.
In the up quark sector we choose a basis as follows
and we write the mass term so that
The superpotential of the model (as shown in appendix A) leads to the up-quark mass matrix M u where
This mass matrix is not hermitian and a bi-unitary transformation is needed to diagonalize it. Thus one has
Under the bi-unitary transformations the basis vectors transform so that
A similar analysis can be carried out for the down quarks. Here we choose the basis set as
In this basis the down quark mass terms are given by
where using the interactions of appendix A, M d has the following form
In general the parameters h 3 , h 4 , h 5 , h 3 , h 4 , h 5 , h 3 , h 4 , h 5 , h 6 , h 7 , h 8 appearing in Eqs. (7) and (12) can be complex and we define their phases so that
The squark sector of the model contains a variety of terms including F -type, D-type, as well as soft mixings terms involving squarks and mirror squarks. The details of these contributions to squark mass square matrices are discussed in appendix A. In addition to the CP phases arising from the mixing parameters as given by Eq. (13) there are CP phases arising from the soft parameters as discussed in appendix A. In general these phases can be large. The CP phases in general contribute to the EDM of the quarks and the leptons. Compatiblity with experiment can be achieved in a variety of ways such as via mass suppression [36, 37] or the cancellation mechanism [38] [39, 40, 41, 42] (for a review see [43] ).
We note that the up quark matrix given by Eq. (7) and the down quark matrix given by Eq. 
A brief discussion of the CP phases on the CP even-CP odd Higgs mixing is given in appendix B.
3 Flavor violating top decays: t → h 0 c and t → h 0 u
In this section we compute the flavor violating decays of the top quark, i.e.,
As mentioned in section 1 experimental upper limits from the ATLAS [12] and from and the CMS [17] Collaborations exist on these decays as exhibited in Eq. (1) 
where the couplings are given by
and the parameters φ ij , α ij , φ ij and α ij are given by
Using the interaction (16), we calculate the decay widths of the top quark into the lightest Higgs and the flavors c and u to be
To calculate the branching ratio of the top quark to the above channels, we just need to divide the partial widths for these top decays by the total width of the top quark which is 1.41
−0.15 GeV. In the analysis here we take the center value of 1.41 GeV for the width. Using the interaction (16), we calculate the decay widths of the lightest Higgs boson into b +s andb + s to be
To calculate the branching ratio of the lightest Higgs to the above channels, we just need to divide the partial decay widths by the total width of the Higgs boson. Thus the flavor violating branching ratio of H 1 into bs +bs is given by 
Discussion of numerical results
We discuss now the numerical analysis of the flavor violating decays of the top: t → h 0 + c and t → h 0 + u, and the flavor violating Higgs decay h 0 → bs +bs and h 0 → bd +bd. As a first step we diagonalize the 5 × 5 up and down quark and mirror quark mass matrices. In the diagonalzation the parameters are chosen so as produce the masses of the three generation of up and down quarks as given by the PDG [57] . Further, the inputs are chosen to generate the masses of the remaining quarks and mirror quarks to be consistent with the lower bounds given by PDG [57] for heavy quarks. As discussed in section 2 we include loop corrections to the Higgs boson potential which generate mixings of the CP even-CP odd Higgs leading to the mass eigenstates H 1 H 2 H 3 which are not eigenstates of CP. The analysis of the loop corrections to the Higgs involves masses of the squarks and the mirror squarks which are given in appendix B. In the numerical analysis of the loop corrections we make the following simplifying assumption:
. and
Additionally the trilinear couplings are chosen so that:
In table 1 (see caption) we exhibit the inputs for the matrices of Eqs. 7 and 12 which lead to the masses of the three generations quarks as given by the PDG [57] and produce masses for the extra quarks and mirror quarks. The masses of these extra quarks and mirror quarks are exhibited in table 1 and they are consistent with the lower limits of the heavy quarks given by PDG [57] . We Table 1 : An exhibition of masses of the vectorlike quarks from diagonalization of the matrices of Eqs. (7) and (12) 12). The masses of the three generation of quarks are as given by the PDG [57] . All masses are in GeV and all phases in rad. (1)- (8) . In Fig. (1) we exhibit the dependence of t → h 0 c and t → h 0 u on the CP phase χ 3 . A similar analysis for these branching ratios on χ 5 is given in Fig.(2) , on χ 6 in Fig. (3) , and on χ 8 in Fig. (4) . In these analyses one finds that the branching ratios are sensitive to the phases. in Fig. (6) , on χ 6 in Fig. (7) , and on χ 7 in Fig. (8) . As in the case of flavor violating decays of the top here too we find that the decays are sensitive to the CP phases. We note that in all these cases the mixings with the vector like generation enter prominently. 
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Appendix A: Squark mass matrices
In this appendix we give further details of the extended MSSM model with vector like generation.
As discussed in section 2 we allow for mixing between the vector generation and specifically the mirrors and the standard three generations of quarks. The superpotential allowing such mixings is given by
Here the couplings are in general complex. Thus, for example, µ is the complex Higgs mixing parameter so that µ = |µ|e iθµ . The mass terms for the up quarks (ups), the mirror up quarks, the down quarks, and the mirror down quarks arise from the term
where ψ and A stand for generic two-component fermion and scalar fields. After spontaneous breaking of the electroweak symmetry, (
, we have the following set of mass terms written in the four-component spinor notation so that
where the basis vectors are defined in Eq. (5) and Eq. (10).
Next we consider the mixings among the squarks and mirror squarks. The interactions that contribute to them receive F type and D type contributions as well contributions from soft terms.
Thus the terms that contribute to the mixings are given by
where
For L soft we assume the following form
Here M1 L , MT , etc are the soft masses and A t , A b , etc are the trilinear couplings. The trilinear couplings are in general complex and we define their phases so that
Next for m 2 ij we have 
Here M
2(0)
ab are the contributions at the tree level and ∆M 2 ab are the contributions at the loop level. The loop correction to the mass squared matrix takes the form
where e=2.718. Eq.(38) gives a 4 × 4 mass square matrix in the basis (φ 1 , φ 2 , ψ 1 , ψ 2 ). The 4 × 4 mass squared matrix can be reduced to a 3 × 3 mass squared matrix by use of the following linear combinations of ψ 1 and ψ 2 .
ψ 1 = sin βψ 1 + cos βψ 2 ,
where tan β =< H 2 > / < H 1 >. 
Here s β = sin β, c β = cos β, M Z is the Z-boson mass, and M A is the mass of the CP odd Higgs before mixing. As mentioned in section 2 a detailed analysis of ∆ ij is given in [44] including a vectorlike quark generation and we utilize the results of [44] in the computation of the Higgs mass eigenstates and mixings in the analysis given in this work.
